Abstract: Edipsos area, situated in northern Euboea, has been well known since ancient times for the existence of thermal springs. In order to assess the hydrogeochemical conditions, thermal and cold water samples were collected and analyzed by ICP method for major and trace elements. The results revealed the direct impact of seawater, a process which is strongly related to the major tectonic structures of the area. Seawater impact was confirmed by the Cl/Br and Na/Cl ionic ratios, as well as from statistical processing and graphical interpretation of the analytical results, which classified the sampled waters into three groups (two for cold waters and one for the thermal ones). Trace element ranges for thermal waters are: As (44-84 ppb), Pb (23-154 ppb), Ag (1-2 ppb), Mn (31-680 ppb), Cu (61-97 ppb), Cs (66-244 ppb), Se (0-76 ppb), Li (732-3269 ppb), Fe (0-1126 ppb), Sr (14000-34100 ppb), B (4300-9600 ppb). Compared with the chemical composition of other thermal springs from the Hellenic Volcanic Arc, Edipsos thermal waters are enriched in Ca 2+ , Na + , Cl − , SO 4 2− , Li, B and K + , reflecting the influence from seawater. Cold waters are free of heavy metals compared with other natural waters and are characterized by good quality based on the major element chemistry. Finally, several geothermometers were applied in order to assess the reservoir temperatures, but none of them appear to be applicable, mainly due to the impact of seawater on the initial hydrogeochemistry of the geothermal fluids.
Introduction
The specific geological background of Greece created favorable conditions for the formation of many thermal springs. The major tectonic movements in macroscale gave * E-mail: evtziritis@geol.uoa.gr rise to a dynamic geological evolution which is expressed through volcanic activity, orogenetic processes and active tectonism. Volcanic activity in the Aegean Sea commenced in the Oligocene and continues to the present day [1, 2] . Two major phases took place. The first one was the Oligocene-Miocene volcanic phase during which the volcanic activity occurred in an East to West orientated zone from Thrace to the central Aegean. Many places of the central Aegean region (North Euboea, Tinos, Sikinos, Patmos and Samos Islands) were affected by this activity. The above conditions together with the existing major faulting zones were the fundamental causes for the warming and the uplift of deep thermal waters, resulting in their discharge at the surface as thermal springs.
The thermal springs of North Euboea are located near the city of Edipsos (Figure 1 ) which lies about 38°51'N and 23°02'E. Edipsos has been well known for the healing attributes of its thermal waters since ancient times, as Strabo, Pausanias, Aristotle and others recognised and described this. The famous Edipsos baths have been developed along the shoreline in a slightly inclined surface, while a short distance to the west lays Telethrio Mountain and Edipsos plain. According to the local population, these springs are said to be effective in curing diseases such as rheumatoid and inflammatory arthritis, degenerative arthritis, spondylo-arthritis, myalgia, neuralgia, lumbago, neuritis, backaches, tendonitis, vessel diseases, diseases of the endocrine cycle and post traumatic inflammation.
The aim of the present paper is to define the exact hydrogeochemical characteristics of Edipsos thermal springs through extended chemical analyses, and the determination of the genetic processes which affect their formation and characteristics.
Study area

Geological setting
The geology of northern Euboea [3] [4] [5] [6] [7] [8] includes at the lower series a Permian-Triassic volcanoclastic complex with low-grade metamorphic rocks and rift volcanics [9, 10] . This is overlaid by Upper Triassic to Upper Jurassic limestones (the "Sub-Pelagonian" unit) [11] and finally an ophiolitic nappe is tectonically imposed over the limestones, which was emplaced in the Late Jurassic to Early Cretaceous [12] [13] [14] . These Mesozoic formations were also folded during the main phase of the Alpine orogeny (Paleocene-Eocene in this part of the Hellenide units) [8, 15] .
The Permian-Triassic volcanic rocks are best developed at the southeast part of Edipsos, where they occur in a thick series of thrust slices [16] . The dominant lithology is bedded tuff, fine-grained agglomerate and rare ignimbrite. The colour of the tuffs is usually purple, indicating subaerial oxidation. Basaltic pillow lavas are interbedded with the tuffs, indicating that parts of the sequence are of submarine origin [16] .
Post-Alpine formations are dominated by Lower Miocene to Upper Pliocene fluvio-lacustrine deposits, which were formed during the earlier neotectonic phases of the region [12, 17] . The graben of the north Euboic gulf, which is one of the most prominent active tectonic features in the area, was formed during the last geological periods by NW-SE to WNW-ESE normal fault zones [17] [18] [19] [20] [21] .
Formation of Edipsos thermal springs
The formation of Edipsos thermal springs can be attributed to both intense tectonic activity and volcanism. The presence of volcanic rocks found in all isopic zones of continental Greece and the Greek Islands indicates considerable volcanic activity in this area. From Tertiary times, the Aegean area has been dominated by orogenic volcanism due to the relative advance of the African plate into the Eurasian mass. This volcanic activity is closely related to fault systems that favour the displacement of thermal springs, such as those of Edipsos.
According to previous researchers [22] the major tectonic processes which caused the back arc basin of Maliakos Ocean seem to be the predominant factor of their structural origin. In more detail, the northern part of this tectonic structure which defines the Euboic Gulf as well, formed the Edipsos thermal springs, while its southern part gave rise to the formation of Sperchios thermal springs, which lie to the west in the region of Eastern Greece [22] . Apart from the tectonic activity, the magma body associated with the volcanic center of Lichada (Figure 1) (northwards of the study area) is likely a principal factor for the elevated values of geothermal gradient in the wider area.
The functional processes of the thermal springs are firstly expressed by the descent of seawater, to greater depths, through the existing tectonic structures. The depth of descent is related to temperature. The high temperatures of Edipsos thermal springs together with the elevated values of CO 2 (1044 -1620 mg/L) [23] denote that during the underground circulation, the thermal waters are in contact with recently crystallized magmatic bodies [22] .
As a result, they become heated and enriched in dissolved gasses, such as CO 2 and H 2 S. Table 1 . Major element analyses and physicochemical parameters of Edipsos thermal (S1-S11) and cold (S12-S16) water samples. Table 2 . Trace elements analyses of Edipsos thermal (S1-S11) and cold (S12-S16) water samples ( * bdl: below detection limit). 
Samples
Sampling and analysis
Eleven water samples were collected from the representative thermal springs of the study area. Five samples of cold water were also collected from boreholes, in order to be used as reference samples. During sampling, all the necessary precautions were taken in order to avoid any possible contamination. General physicochemical parameters (pH, Electrical Conductivity, Total Dissolved Solvents and Temperature) were measured in situ. Samples were collected in polyethylene bottles. The quantity of sample (approximately 50ml) which was intended to be analyzed for trace elements was micro-filtered through a 0.45 μm pore size membrane in situ and then acidified to a final concentration of about 1% HNO 3 . The remaining sample intended to be analysed for major ions was vacuum filtered in the lab and stored in cool conditions. and Cl − were measured photometrically using DR/4000 apparatus, the parameter of HCO − 3 by titration, while the rest of the chemical parameters were analyzed by Inductively Coupled Plasma Mass Spectrometry method (ICP-MS). Results are shown in Tables 1 and 2. Data quality was assured by introduction of internal reference samples and by analysing duplicates of four samples. The precision was calculated from these duplicates and was found to be within the international standards.
Graphical process of data
Water samples were classified according to measured temperatures and their main chemical constituents (Tables 1  and 2 ). The Piper diagram in Figure 2 illustrates the composition of three main groups of waters: groups A (S16 and S12) and B (S13, S14 and S15) correspond to cold waters collected from boreholes, while group C corresponds The above classification shows that the major influence in hydrogeochemistry of these waters is the dissolution of the carbonate formations through the process of karstification, and that the presence of seawater has no influence. The same is assessed by increased milliequivalent percentages of major cations (Ca 2+ and Mg 2+ ), denoting influence from the substrate formations (Mesozoic dolostones and limestones). Matching influences appear to be involved in group B, which has similar anionic and cationic milliequivalent percentages to group A. It indicates a potential trend for salinity due to overexploitation or mixing with the geothermal waters of high Cl − values. The third group C, includes hydrothermal waters with high milliequivalent percentages of Na + , Cl − and SO 2− 4 . In more detail, group C shows elevated values for TDS (Table 1) , denoting the impact of seawater, a fact which is confirmed also by the elevated milliequivalent percentages of Cl − and SO 2− 4 , while cations are enriched in the alkaline members (Na+K). According to the above, the waters which belong to groups A and B are classified as Ca-HCO 3 type, while the waters of group C as Na-Cl type.
As it can be deduced from Figures 3 and 4 , there is almost a linear correlation between Cl-Br ( Figure 3 ) and Na-Cl (Figure 4 ). There are two clearly distinguished groups of samples, corresponding to cold (group 1) and thermal waters (group 2) respectively. Cold waters (S12-S16) are plotted near the intersection point of the axis (close to zero values), while thermal waters are plotted away, including high milliequivalent values for Na + and Cl − , and for Br compared with cold waters. The ionic ratios of Cl/Br and Na/Cl enhance the hypothesis of the influence of seawater and the possible correlation of thermal spring discharges with saline water. In more detail, the elemental ratios of Cl/Br (in meq/L) range between 580 and 650 for the most of thermal water samples, denoting direct impact from saline water, as the elemental value for seawater is about 655 [24] . The minor decrease in the values of the elemental ratio might be interpreted as the mixing of saline and meteoric water. The same can be determined for the elemental ratios of Na/Cl, which range between 0.7 and 1.0 for the majority of the samples, close to that of seawater (0.84) [23] . The different origin of the waters as well as their hydro- geochemical variations is also shown in the Schoeller diagram of Figure 5 , where the aforementioned differentiation is depicted through the plotted linear trend of the analysed samples. It is obvious that thermal waters are characterised by similar inclinations and linear trends, while cold waters are significantly different.
Statistical processing of data
The analytical results of both thermal and cold waters were treated statistically, in order to examine potential correlations between the parameters and to assess the predominant geochemical processes and sources affecting their hydrogeochemistry. For this purpose, correlation analysis was applied for 21 selected parameters whose concentrations appeared to show significant variation. Initial data have been standardised in order to eliminate the influence of different units. Results are shown in Table 3 .
The high positive intercorrelations between seawater related parameters [25] , such as the correlations between Ca 2+ , Cl − , Na + , K + , SO 2− 4 , Mg 2+ , Br and EC, which are in all cases higher than +0.96, shows that the impact from seawater is profound. Furthermore, the high positive correlation of temperature (T) with the aforementioned parameters clearly shows the linkage between hydrothermal and saline waters. More specifically, the high positive relationship between Ca 2+ and T (+0.94) reflects the dissolution of calcite at elevated temperatures and its probable deposition in the form of aragonite. As previously mentioned, sulfates are connected with marine water, no correlation between SO 2− 4 and Fe (+0.31) suggesting that alternative origins such as pyrite oxidation is not possible. 
Discussion of the hydrogeochemical results
From Table 1 it is shown that all thermal water samples are enriched in major ions (Ca 2+ , Mg 2+ , K + , Na + , Cl − , SO 2− 4 ) and have abnormal EC values (7830-11580 μS/cm). Considering the specific genetic characteristics of the studied thermal springs and the results of correlation analysis, it is obvious that the thermal water chemistry is influenced by seawater intrusion and the intermixing with the hydrothermal fluids. This is confirmed by the elemental ratios of Cl/Br and Na/Cl, and the isotopic enrichment in 18 O and 2 H, which ranges from -0.37 to 0.00 for δ 18 O≤ and -0.9 and 2.2 for δ 2 H≤ respectively [23] . The above assessment is in accordance with previous research in the area which implies direct seawater involvement [23, 26] . Cold waters are not affected by sea water, so the origin of the influence should be attributed to the descent of seawater to great depths through the existing tectonic structures, and their ultimate discharge as thermal springs on the surface. An additional enrichment factor for Ca in springs which are located far from the shoreline, so the impact from seawater is minimal. Finally, temperatures vary between 33°C and 81°C, with the majority of the samples having temperatures around 70°C. From Table 2 , the following assessments can be made. Values of Ag are present even in trace quantities (1-2 ppb) in all samples of thermal water. Au is also present, especially in samples 1, 4 and 5 where its concentrations are 4, 5 and 11ppb respectively. Ba ranges between 99 and 435 ppb, Br between 45 and 83 ppb, Cs between 66 and 244, Se between 0 and 76 ppm, and Cu ranges between 42 and 97 ppb. Furthermore, As ranges between 44 and 84 ppb, Pb between 23 and 154 ppb and Mn ranges between 31 and 680 ppb. The above concentrations are probably correlated with the hydrothermal activity, likewise for Hg, Be and Zr, which are present only in trace quantities. The elements of Cr and Ni have almost negligible concentrations, while Zn is absent in all thermal samples, probably due to precipitation. As it can be judged from these results, metals such as Fe, Pb, Zn, Cu show low concentrations (ppb class order) compared with those of the metallogenic hydrothermal solutions, which in the case of Cu-Zn and Fe reach 100-500 ppm and 300 ppm respectively [27] . The above confirms that hydrothermal fluids are not metallogenic and also that the substrate which [29] , with the potential for use as drinking water. Assessment of the reservoir temperatures was made through the use of silica and cation geothermometers. The geothermometers used were quartz [30] , Na-K [31] , Na-K-Ca [32] , Na/Li [33, 34] and K-Mg [35] , Li-Mg [36] . The results are given in Table 4 . The quartz and chalcedony geothermometers (applicable with higher systems above 150°C) [36] show different results. Particularly, the differences of samples S3-S11 vary between a range of 60°C for quartz and 50°C for chalcedony, while in samples S1 and S2 the temperature exceeds 250°C. Considering the fact that the temperatures of the springs are lower than 100°C, this suggests that dilution can seriously affect the silica geothermometers [37] , and the estimates obtained here cannot be regarded as reliable. Applied to thermal waters, the cation geothermometers Na-K gives temperatures below 150°C for all samples. The Na-K geothermometers is less sensitive to the secondary processes (e.g. mixing and boiling) that may change the original reservoir characteristics of waters [37] , so this geothermometer may yield erroneous results when applied to low temperature spring waters. On the other hand, the Na-K-Ca geothermometer which is developed to eliminate the effects of high Ca [32] , yields temperatures ranging between 144°C and 162°C degrees. Finally, the geothermometers of Mg-Li and Na-Li appear to give relatively similar results for the majority of the samples, but with the occurrence of some abnormal low or high values, such those of samples S3 and S4. Overall, it is not possible to select a single geothermometer as the best representative for the region, due to the temperature variances that exist in different geothermometers and in different samples of the same geothermometer. These changes may originate from the influence of seawater on the geochemistry of geothermal fluids, which alters their original characteristics [38] .
Conclusions
The thermal springs of the Edipsos were formed as a result of the intense tectonic activity and volcanism of the North Euboea lithological structure. The major element chemistry of the thermal waters is influenced by the intrusion of sea water of Na-Cl type, found through the graphical classification, whilst cold waters belong to the Ca-HCO 3 group. Marine water is the primary factor for the composition of hydrothermal waters and it is expressed through the elevated values Ca 2+ , Na + , Cl − , SO 2− 4 ,K + , TDS and EC. Metals such as Fe, Pb, Zn, Cu show low concentrations compared with those of the metallogenic hydrothermal solutions. Cold waters are free of heavy metals compared with other natural waters and are characterised by being of good quality based on the major and trace element chemistry. Finally several geothermometers were applied in order to assess the reservoir temperatures, but none appear to be applicable, largely due to the impact of seawater on the initial hydrogeochemistry of the geothermal fluids.
